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Introduction
Segmental spinal fusion has been widely employed in the management of degenerative disc disease of the lumbar spine. The disadvantage of fusion is that pain relief is achieved at the cost of elimination of existing range of movement in the affected segment. Ehni [1] observed as early as 1981 that "fusion generates a conflict between immediate benefit and late consequences". Intermediate and long-term follow-up studies have shown the onset of degenerative changes in the intervertebral discs adjacent to the fused segment [2, 3] . In the series of patients with adjacent segment degeneration (ASD) reported by Lee, the changes had become clinically manifest between 1 year and 38 years following the index operation [4] . Radiological changes of ASD may be either asymptomatic or associated with clinical symptoms in the affected patients [5] . Depending on the length of follow-up, the incidence
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A Finite Element Study Asian Spine J 2016;10(2):205-214 of radiographic ASD has been reported to vary from 5.2% to 100%. Park et al. [6] reported that the incidence of clinically symptomatic ASD varied from 5.2% to 18.5%. Kumar et al. [7] presented that 36%of ASDs change after a mean of 5.2 years and 50% of patients with ASD required reoperation. Ghiselli et al. [8] found a re-operation rate of 27.4% at an average of 6.7 years following the index surgery. Gillet [9] reported 41% incidence of ASD and that 20% required reoperation i.e., extension of fusion. Though ASD has been reported following different types of surgical interventions, it is not clear whether certain types of these interventions were associated with higher magnitudes of ASD than others. FE studies reported earlier have been limited to one particular type of fusion and comparative quantification of the stresses in the adjacent discs has not been reported following different types of lumbar spinal fusions [10] . In the present study finite element analysis has been used to study the effect of different types of lumbar surgical interventions on the stresses in the adjacent lumbar discs. The magnitudes of stresses in the adjacent segment under different interventional conditions have been quantified. This provides surgeons a quantitative estimate of the magnitude of the adjacent disc stresses that the proposed surgical intervention is likely to cause.
Materials and Methods

A primary FE model of a truncated vertebral unit
A 3D finite element model of the lumbar spine was generated from computed tomography scan images of the human subject using biomechanical modeling software (Materialize, Leuven, Belgium). Finite element models of the truncated vertebral units (TVUs) were then developed to generate the force-displacement response under quasi-static compressive loading conditions. An advanced implicit FE Software LS-DYNA was used in the present study. The FE model of L2-L3 TVU is shown in Fig. 1A . The cortical bone and the end plates were modeled with shell elements, the cancellous bone of the vertebral body along with the inter-vertebral disc were modeled using solid elements. The TVU was rested on the bottom plate and the bottom plate was rigidly fixed in all six-displacement degrees of freedom. A vertical displacement was given to the top plate to simulate quasi-static axial compression as shown in Fig. 1B. 
Experimental validation of the TVU FE model
A specimen of the lumbar spine was harvested from a fresh frozen 45-year old male cadaver. The soft tissues and the posterior elements were removed to leave only the TVU. Experimental characterizations of the elasto-plastic behavior of the L1-L2 TVU and L2-L3 TVU under quasistatic axial compressive loading were then carried out. The TVU under axial compression is shown in Fig. 2 . The force-displacement response under quasi-static loading conditions was obtained from the experimental testing of the two truncated lumbar spine specimens.
In the present study, mechanical behaviors of the various tissues modeled in Fig. 1A were represented with piecewise linear plasticity formulation in LS-DYNA using MAT 24. The mechanical properties of the tissues, namely elastic modulus, Poisson's ratio, and strength were obtained from the literature [10, 11] and from tests carried 
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out in an Universal Testing Machine on samples extracted from the vertebral body of the tested specimen ( Table 1) . The variation of the sectional force generated between the top plate and the TVU with respect to the corresponding vertical displacement of the plate, which was obtained from FE analysis, was compared with the experimental force-displacement curve as shown in Fig. 3 . It can be seen from the figure that the computed force-displacement curves are in good agreement with the results obtained from the experimental tests. 
Development of the FE model of the intact lumbar spine
The finite element model of the lumbar spine developed from the 3D geometric model is shown in Fig. 4 . Fig. 4A shows the anterior and lateral views of the model and the detailed nomenclature of bony and soft tissue elements is shown in Fig. 4B . The properties of the soft tissues were obtained from the literature [12] [13] [14] [15] [16] and the soft tissues were modeled using MAT 91 that represents an isotropic Mooney-Rivlin matrix with fiber reinforcement having strain energy characteristics resembling the qualitative material behavior of collagen. The material properties of the various soft tissues that were used in the present model are shown in Tables 2 and 3 . Intervertebral discs were modeled using higher order tetrahedral elements with an average element edge length of 1.5 mm. Ligaments and the cortical bone were modeled using shell elements. An intact (no fusion) lumbar spine model (L1 to S1) shown in Fig. 4 was used as the baseline model. The loads and boundary conditions applied are shown in Fig. 5 . A load of magnitude 350 N representing upper body weight was applied at 200 mm cranial and 30 mm ventral to the T12/ L1 disk center and a compressive follower load of 500 N was applied to simulate the effect of local muscles. These loads were consistent to those used in the study by Calisse et al. [11] and Rohlmann et al. [17] . The facet joint load obtained in the simulation of the intact spine model at L2-L3 interface was 43 N and this was comparable with the results reported in the literature [18] . The loads and boundary conditions that were used for the intact spine model and the models with surgical intervention simulations were same. 
Development of FE models of lumbar spine with surgical interventions
Using the calibrated intact spine finite element model, various other models were developed to represent different types and levels of surgical interventions. These included-non-instrumented posterior fusion and instrumented posterior fusion; non-instrumented anterior fusion and instrumented anterior fusion. Fig. 6A shows the lumbar spine FE model pertaining to one, two and three level posterior fusion without instrumentation. In these models the postero-lateral bone graft has been added to fuse the relevant segment. In these models, the spinous processes, laminae, medial half of the facet joints, supraspinous ligament, interspinous ligament, intertransverse ligament, ligamentum flavum and part of the facet capsule were removed. Fig. 6B shows the lumbar spine model pertaining to one, two and three level anterior fusion. In these models the anterior inter body bone graft has been added to fuse the relevant segment. In addition to the posterior decompression described above, anterior longitudinal ligament and the intervertebral disc were also removed (anterior lumbar inter body fusion) for these models. The corresponding models with instrumentation are shown in Fig. 7. Fig. 7A shows the lumbar spine FE model pertaining to one, two and three level posterior fusion. In these models, posterior decompression has been performed and posterior pedicle screw instrumentation and postero-lateral bone graft have been added to fuse the relevant segment. Fig. 7B shows the lumbar spine model pertaining to one, two and three level anterior fusion. For these models, posterior decompression has been done and anterior instrumentation using cage with bone graft has been added to fuse the relevant segment. In these models, the spinous processes, laminae, medial half of the facet joints, supraspinous ligament, interspinous ligament, intertransverse ligament, ligamentum flavum and part of the facet capsule were removed.
Results
The magnitudes of the maximum stress values at the adjacent levels during different types of interventions at different levels of fusion were compared with the baseline no fusion model. The absolute values of the maximum Von Mises Stress at the adjacent discand the percentage increase over the baseline model are shown in Table 4 . Fig.  8 shows the stress contours obtained in the intact spine model and the anterior and posterior fusion models with one, two and three-level instrumentation. The maximum stresses were located in the matrix of the annulus fibrosus of the disc.
One-level fusion
In the posterior fusion models, there was an increase by around 5% in the stress levels in the adjacent disc following non-instrumented fusion. With the addition of instrumentation (pedicle screws), the adjacent level stresses increased by 7.2% over the baseline value. For the anterior fusion models, there was an increase by around 7.6% in the adjacent disc stresses following non-instrumented fusion. With the addition of anterior instrumentation (cage), there was a further increase in the adjacent disc stresses by 10.3% over the base line model.
Two-level fusion
In the non-instrumented posterior fusion, there was increase in the adjacent disc stress by 6.4%. With the addition of instrumentation (pedicle screws), there was further increase in stress levels by 19.8% over the baseline value. In the non-instrumented anterior fusion models, there was an increase in the adjacent disc stresses by 20.5%. With the addition of anterior instrumentation (cage), there was a significant increase in the adjacent disc stresses by 21.3%.
Three-level fusion
In the non-instrumented posterior fusion, there was increase in the adjacent disc stress by 9.6%. With the addition of instrumentation (pedicle screws), there was a significant increase in stress levels by 20.3% over the baseline value. In the anterior fusion models, there was a significant increase in the adjacent disc stresses by around 63% even without instrumentation. With the addition of anterior instrumentation (cage), there was an increase in the adjacent disc stresses by 82.6% over the base line value.
Discussion
It is debatable whether ASD is a 'de novo' phenomenon that is caused by segmental spinal fusion per se or is simply an extension of the same disease process that affected other discs earlier. Two long-term studies on this subject arrived at differing conclusions. Hambly et al. [19] compared the incidence of ASD in patients who had undergone posterolateral non-instrumented lumbar fusion with the incidence of ASD in a group of ageand gendermatched patients who had low back pain but had not undergone surgery. Over a mean follow-up period of 22.6 years, they found similar incidence of ASD changes in both groups. Kumar et al. [3] compared the ASD changes in a cohort of patients who had undergone posterior midline fusion with another cohort of patients who had low back pain but had not undergone surgery. Over a minimum follow-up period of 30 years, they found that radiographic incidence of ASD was twice as high in the fusion group but there were no significant differences between the groups in terms of functional assessment. The claim that spinal fusion is a causative factor in ASD is based on the observations of increased mechanical loading on the adjacent discs in earlier studies [20, 21] . Some studies have estimated that stress on the adjacent disc increases by around 20% over the normal disc [22] . Biomechanical changes that have been implicated in the causation of ASD include increased intradiscal pressure in the adjacent disc, abnormal loading of the facet joints and compensatory increase in mobility in the adjacent segments following segmental fusion [6] . Biological fac- tors that have been implicated in the causation of ASD include advanced age of the patient, obesity and presence of preexisting degenerative changes in the adjacent discs [23, 24] . Surgical factors that have been studied include the presence of instrumentation, length of fusion, frontal and sagittal plane malalignment and intra operative injury to facet joints [6, 9] . In the present study, authors have assessed the surgical (iatrogenic) factors in the causation of increased stresses in the adjacent discs.
Length of fusion
Ghiselli et al. [8] and Pellise et al. [24] found no correlation between ASD and the length of fusion. Chen et al. [10] found that longer fusions were a risk factor for ASD, especially fusions up to L1 to L3 segments. Gillet [9] reported ASD changes in 32% of patients following single motion-segment fusion, 31% ASD changes following double segment fusion and 66% ASD changes following triple segment fusion. The ASD changes were more severe and symptomatic following 2 and 3 segment fusions than with single segment fusions. In 11% of patients with single segment fusion, reoperation for ASD was required compared with 27% in the two segment fusion group and 33% in the three segment fusion group [9] . In the present study, the adjacent segment disc stresses increased with the length of fusion and this was true for all types of fusions (anterior/posterior, instrumented/non-instrumented). In the FE analysis study by Chen et al. [10] higher magnitudes of adjacent level stresses were found with longer anterior inter body fusions. Our study supports this finding not only in anterior inter body fusion but in all types of fusions. Length of fusion seems to be an independent risk factor for ASD regardless of other associated factors.
Type of fusion
Penta et al. [25] and Wai et al. [26] used MRI and functional outcome studies and reported a low incidence of ASD following anterior lumbar inter body fusion. Only 7.6% of patients required reoperation due to ASD and the authors concluded that ASD following anterior lumbar inter body fusion was more likely due to naturally induced degenerative changes rather than due to abnormal biomechanics following anterior fusion. Luk et al. [27] performed a radiographic study of spinal mobility in patients following anterior lumbar fusion. They found no increase in mobility at adjacent segments compared with healthy volunteers. In the present study, stresses in the adjacent discs showed comparable increases following both anterior as well as posterior fusions. Also, anterior fusion did not seem to offer protection against increased stresses in the adjacent segments. FE studies by Chen et al. [10] have also found significantly increased adjacent disc stresses following anterior inter body fusion.
Effect of instrumentation on ASD
Incidence of symptomatic ASD is said to be higher in patients with instrumented spinal fusion using pedicle screws compared to those with non-instrumented spinal fusion or fusion with implants other than pedicle screws [7] . Cakir et al. [28] reported no reduction in global range of motion (ROM) of the lumbar spine as well in the ROM of the adjacent segment following posterior dynamic stabilization without fusion. In the present study, instrumentation led to an increase in adjacent level stresses at all levels of fusion when compared with non-instrumented fusion. This was true for both anterior and posterior fusions. Even though the adjacent disc degeneration may simply be a manifestation of the susceptibility to such degeneration in an individual patient, studies have shown that the incidence of ASD is higher following spinal fusion compared to patients without fusion. This implies that stresses on the adjacent discs are increased following segmental spinal fusion. Clinical studies reported so far seem to support this, but a comparison of the magnitudes of stresses following different levels of lumbar spinal fusion has not been reported until now.
Conclusions
The results of this finite element study suggest that length of fusion is a risk factor for ASD. Longer fusions, whether anterior/posterior or instrumented/non-instrumented are associated with increased stresses on the adjacent cephalad disc. Both anterior and posterior fusions showed comparable increase in adjacent level stresses at all levels of fusion. Instrumentation was associated with much higher magnitudes of adjacent level stresses compared with noninstrumented fusion. Thus, instrumentation and length of fusion seem to be most significant factors in increasing adjacent level stresses.
